Abstract: Apathy is a prominent and influential symptom in several neurological and psychiatric disorders, but it also occurs in the healthy population. It has considerable impact on daily life functioning, in clinical as well as healthy samples. Even though cognitive control is thought to be disrupted in people with apathy, the exact neural underpinnings of apathy remain unclear. Because flexible shifting between behaviors (set-shifting) is crucial for goal-directed behavior, disruptions in set-shifting may underlie apathy. In this study, the neural correlates of apathy during set-shifting were studied in 34 healthy participants with varying levels of apathy, measured by the Apathy Evaluation Scale. During functional MRI scanning participants performed a set-shifting task, distinguishing between behavioral switches (a change in response to different stimuli), cognitive switches (a change in response rule), and salience decoupling (detecting a change in relevant stimuli). Regression analysis was used to assess the relationship between apathy and brain activation. Results showed that higher apathy scores were related to reduced activation in the medial superior frontal gyrus and cerebellum (Crus I/II) during cognitive set-shifting, but not behavioral shifting and salience decoupling. No relationship between apathy and accuracy or response time was found. These results support the idea that alterations in the neural basis of cognitive control, especially cognitive set-shifting, may contribute to apathy. Hum Brain Mapp 38:2722-2733, 2017.
INTRODUCTION
Apathy is a prominent symptom in several neurological and psychiatric disorders, including Alzheimer's and Parkinson's disease, traumatic brain injury, schizophrenia, and major depressive disorder [Andersson et al., 1999; Cacciari et al., 2010; Dujardin et al., 2007; Foussias and Remington, 2010; Krishnan et al., 1995; Schooler et al., 2015; Spalletta et al., 2015] . Apathy refers to a quantitative reduction of voluntary and purposeful behaviors [Levy and Dubois, 2006] . It has been indicated as a predictor of worse functional outcome, for example reduced social, instrumental, and physical daily life abilities [Bobes et al., 2010; Kiang et al., 2003; Laatu et al., 2013; Pagonabarraga et al., 2015; van Reekum et al., 2005] . Despite the prominence of apathy in various disorders, the cognitive and neural underpinnings of apathy remain unclear. The number of studies on apathy in clinical populations has increased over the past years, but results may be influenced by factors like medication use, hospitalization, and comorbid symptoms. Apathy also occurs in a minority of the healthy people at subclinical to clinical levels [Fervaha et al., 2015; Simon et al., 2015; Spalletta et al., 2013] , and it can be considered to be part of the construct of subclinical negative symptoms [Fervaha et al., 2015] . Apathy in the healthy population is related to higher levels of distress [Fervaha et al., 2015] and reduced quality of life [Pardini et al., 2016] . Therefore, studying apathy in a healthy population may prove beneficial to assess the underlying cognitive and neural substrates.
Several affective and cognitive processes are suggested to play a role in goal-directed behavior and apathy might result from a disruption in any of these processes [Levy and Dubois, 2006; Stuss et al., 2000] . Goal-directed actions require a balance between flexible shifting between behaviors and maintaining current behavior despite distractions or competing behaviors [Goschke and Bolte, 2014] . Therefore, reduced cognitive flexibility may play an important role in the occurrence of apathy [Levy and Dubois, 2006] .
Cognitive flexibility concerns the ability to switch between cognitive processes in response to a changing environment or internal goals, and relies on intact salience detection and attention, working memory, inhibition, and shifting [Dajani and Uddin, 2015] . A task that has previously been used to measure specific behavioral properties of cognitive flexibility, namely maintenance of a rule in mind, inhibition of an initial response, and periodically (overtly) changing the response rule, is the set-shifting task developed by Shafritz et al. [2005] . This task distinguishes behavioral switches (a change in response to different stimuli) from cognitive switches (a change in response rule) and salience decoupling (detecting a change in relevant stimuli). Disturbances in all three processes could possibly underlie reduced goal-directed behavior and therefore lead to higher levels of apathy.
Brain areas that have been associated with both behavioral flexibility and cognitive set-shifting are the dorsolateral prefrontal cortex (DLPFC), anterior cingulate cortex (ACC), insula, and basal ganglia [Dajani and Uddin, 2015; Dosenbach et al., 2006; Leber et al., 2008; Shafritz et al., 2005] . Furthermore, there are indications that activation in the intraparietal sulcus is specifically related to behavioral shifting, whereas activation in the ventrolateral prefrontal cortex (VLPFC) and posterior parietal cortex (PPC) are specific for cognitive set-shifting [Shafritz et al., 2005] . Of these areas, the lateral PFC (including VLPFC, DLPFC, and frontopolar cortex), ACC, insula, and basal ganglia have also been implicated in apathy [Alzahrani and Venneri, 2015; Kirschner et al., 2015; Knutson et al., 2014; Levy and Dubois, 2006; Stuss et al., 2000; Zamboni et al., 2008] . Therefore, differences in activation of these areas during behavioral and/or cognitive set-shifting might underlie apathy.
Besides behavioral and cognitive set-shifting, reduced sensitivity to salience of relevant stimuli could also play a role in the occurrence of apathy. If internal goals or external stimuli are not recognized as salient, motivation to respond to these stimuli may be lacking. Salience detection is associated with activation in the anterior insula and ACC [Seeley et al., 2007] , an area that has shown altered activation in people with apathy [Bonnelle et al., 2016; Knutson et al., 2014; Levy and Dubois, 2006; Njomboro et al., 2012; Yuen et al., 2014] .
To our knowledge, the direct relationship between apathy and behavioral shifting, cognitive set-shifting, and salience allocation has not been studied to date. To examine these processes, the current study used a set-shifting paradigm in healthy participants. We hypothesized that higher levels of apathy are associated with less accurate shifts in behavior or cognitive set according to task conditions and that this is related to altered activation in lateral prefrontal areas, basal ganglia, ACC, and insula. Conversely, we hypothesized that apathy could also be related to reduced sensitivity for salience, possibly due to altered anterior insula and ACC activation.
MATERIAL AND METHODS

Participants
Three hundred students (from the University of Groningen and Hanze University for Applied Sciences) were screened on levels of apathy using the Apathy Scale [Starkstein et al., 1992] and the inclusion and exclusion criteria. Inclusion criteria were: age between 18 and 28 years, right-handed, and native Dutch speaking. Exclusion criteria were: current or past presence of a neurological or psychiatric disorder (in the participant themselves; family history of psychiatric illness was not taken into account), use of medication that may influence brain activation, visual or hearing problems that could not be corrected, and MR-incompatibility. Subsequently, 20 students with the highest scores and 20 students with the lowest scores, who met the inclusion criteria, were invited to participate in the MRI session. All participants gave written informed consent after oral and written explanation of all study procedures. The study was approved by the Medical Ethics Committee of the University Medical Center Groningen and was carried out according to the Declaration of Helsinki.
Questionnaires
At time of scanning, apathy was evaluated using the self-rated version of the Apathy Evaluation Scale (AES) [Marin et al., 1991] . Apathy was further characterized using the action initiation scale of the Lille Apathy Rating Scale (LARS) [Sockeel et al., 2006] . The AES was used as the primary apathy measure because it was considered the most suitable for the population under investigation. Schizotypy was assessed using the Schizotypal Personality Questionnaire (SPQ) [Raine, 1991] and depressive symptoms were assessed using the Beck Depression Inventory (BDI) [Beck et al., 1961] . A systematic review by Lako et al. [2012] showed that a substantial amount of items of the BDI may be identified as non-depressive symptoms, among others apathy; therefore, a BDI depression score was calculated based on a pure depression factor defined by Shafer [2006] . Although apathy and depression often co-occur, they are thought to reflect separate constructs [Levy et al., 1998 ]. Therefore, we considered it not necessary to exclude participants based on BDI score to study the neural correlates of apathy, which may in fact limit generalizability of the results by selecting an overly homogeneous sample. Moreover, the role of depressive symptoms will be taken into account in the statistical analysis (see the section "fMRI analysis" for more information).
To further characterize the general psychological status of the participants, the Positive and Negative Affect Scale (PANAS) and the Symptom Checklist 90 (SCL-90) were administered. Finally, the Snaith-Hamilton pleasure scale (SHAPS) and Temporal Experience of Pleasure Scale (TEPS) were used to measure the ability to experience pleasure.
Set-Shifting Task
Participants performed a set-shifting task adapted from Shafritz et al. [2005] , which was presented in E-prime 2.0.10. This event-related task was scanned as part of an MRI protocol including three tasks and an anatomy scan. Before entering the scanner all participants received task instructions, followed by a short practice session. During scanning, the task was introduced by a short recapitulation of the instructions to ensure that the participant remembered the task instructions.
During the task, participants were presented with circles, triangles, and squares of different colors and sizes as stimuli (Fig. 1) . The task consisted of 14 epochs, each containing 40 pseudo-randomly presented trials, which contained one stimulus each. For each stimulus, participants were asked to determine whether it was a target shape or a different shape (non-target or standard). At the beginning of an epoch, either circles or triangles were Figure 1 . Procedure of the set-shifting task. Stimuli were presented for 500 ms; blank screens for 1,000 2 2,809 ms (jittered). The target stimulus changed every two epochs.
appointed as the target stimulus, while the other shape became the non-target stimulus. Squares were standard stimuli and were never presented as a target.
Each epoch contained 4 target, 4 non-target, and 32 standard stimuli. The target changed every two epochs. This resulted in six epochs in which participants had to shift cognitive set (i.e., the target was different from the target in the previous epoch) and six epochs in which they had to maintain cognitive set (i.e., the target was the same as in the previous epoch). The first and last epoch were treated separately in the analysis, because the first epoch could not be classified as shift or maintain and the last epoch was excluded to maintain an equal number of maintain and shift epochs.
At the beginning of each epoch, the target shape (circle or triangle) for that epoch was presented for 2,000 ms. After this instruction stimuli were presented for 500 ms, followed by a blank black screen with a jittered duration of 1,000-2,809 ms. This duration was pseudorandomly selected based on f(x) 5 2,000 exp( 2 0.1x) 1 1,000, where x 5 [0, 100]. Participants were allowed to respond during the presentation of the stimulus and the first 1,000 ms of the following blank screen. They were instructed to respond by button presses using the right index finger for target stimuli and the right middle finger for the other stimuli (non-target and standard).
At the onset and end of the task, a 16 s rest period was included. Furthermore, between the epochs there were rest periods of 8-9 s. The variation in duration of these rest periods were due to the programming in number of TRs, not in seconds, to obtain the exact TR for each participant. During all rest periods, a fixation cross was presented. The total task duration was 19 min.
Stimuli of different colors and sizes were used to prevent habituation to physical stimulus characteristics [Kirino et al., 2000] . However, to avoid confounding effects of stimulus appearance, color intensity was matched between conditions. Moreover, stimulus color and size, and their order of presentation during the task were the same for all participants, averaging out possible effects of color or shape.
The task was used to examine neural activation during behavioral and cognitive set shifts as previously described in Shafritz et al. [2005] . Behavioral shifts reflected an alteration of ongoing behavior. Specifically, all target trials required a shift in behavioral response, (i.e., response with the right index finger instead of the right middle finger). Consequently, the difference in activation during target versus non-target trials was calculated to assess the neural correlates of behavioral shifting. Shifting cognitive set was required to correctly respond to target stimuli during shift epochs. After all, the stimulus that was previously a target had become a non-target and vice versa. To examine neural underpinnings of cognitive set-shifting, activation during targets in shift epochs was compared with activation during targets in maintain epochs.
Related to this, but not previously examined in light of the current task, is salience decoupling. This process reflects detection of a change in relevance of a stimulus: if a stimulus that was previously salient (i.e., a target) is not salient anymore (i.e., a non-target), detection of this change is imperative for an appropriate change in behavior; hence, neural activation during the presentation of non-target stimuli was compared between shift and maintain epochs.
Image Acquisition
The fMRI data were collected using a 3.0 Tesla Philips Intera MR-scanner scanner (Best, NL), equipped with a 32-channel SENSE head coil. During the task, whole-brain functional images were acquired using a T2*-weighted echo planar imaging sequence (47 descending axial slices; slice thickness 5 3 mm; slice gap 5 0 mm; TR 5 2,000 ms; TE 5 22 ms; FOV(ap,fh,rl) 5 192 3 141 3 192 mm; voxel size 5 3 mm isotropic, flip angle 5 908, 583 volumes). For anatomical reference, a whole brain T1-weighted image was acquired (170 axial slices; TR 5 9 ms; TE 5 3.5 ms; FOV 5 232 3 170 3 256 mm; voxel size 5 1 mm isotropic; flip angle 5 88). Images were tilted approximately 308 from the Anterior Commissure-Posterior Commissure (AC-PC) plane to prevent artefacts due to nasal cavities.
Clinical and Behavioral Analysis
Demographic, clinical, and behavioral data were analyzed using IBM SPSS version 23.0 (IBM Corp, Armonk, NY, 2014) and MATLAB 2013a, (The MathWorks, Natick, MA). Assessment of the distribution of AES scores (Supporting Information Fig. S1 ) indicated a unimodal distribution, confirmed by Hartigan's Dip statistic [Hartigan and Hartigan, 1985] , which showed no significant deviation from a unimodal distribution (D 5 0.07, P 5 0.160). Therefore, AES scores were treated as a continuous variable. This is in accordance with the idea that apathy is present along a continuum ranging from normal and subclinical levels the general population to clinical levels found in patients, a distribution similar to the continuum that has been proposed for the negative symptoms of schizophrenia [Kaiser et al., 2011] . Furthermore, this approach has been used in previous studies on the neural substrates of subclinical symptoms and personality traits in healthy subjects [Servaas et al., 2015; Vercammen and Aleman, 2010] , including brain activation related to apathy [Simon et al., 2015] . Bivariate relationships between apathy and demographic and clinical variables were examined. Because the assumption of bivariate normality was not met, Kendall's Tau test was used.
In addition, mean accuracy was calculated per condition. Response times were summarized per condition using the median, as it is more robust to possible outliers and skewed distributions. For the assessment of possible differences on accuracy and response times between r Apathy and Cognitive Control r r 2725 r conditions, repeated measures analyses of covariance were used with condition as the within-subject factor and AES scores as covariate of interest. In case of a nonsignificant effect of AES scores, this analysis was repeated without this covariate to assess the main effect of condition. In case of a significant F-test, subsequent post hoc pairwise Bonferroni-corrected comparisons were performed. For all tests, significance was set to P < 0.05.
fMRI Analysis
The data were preprocessed and analyzed using Statistical Parametric Mapping (SPM12 version 6470) (http:// www.fil.ion.ucl.ac.uk/spm/) implemented in MATLAB 2013a. First, the PAR/REC-files were converted to NIfTI, using an in-house script. Both T1 and T2* images were reoriented manually to the AC-PC plane. Afterwards, slice time correction to the first slice was performed. Functional images were realigned to the mean image. The resulting motion parameters showed that motion was minimal for all participants (< 3 mm translation and < 38 rotation). To further detect possible motion artefacts, functional displacement (FD) was calculated. Motion was deemed excessive when FD > 0.9 for a certain volume [Siegel et al., 2014] . The amount of volumes with excessive motion was minimal (< 5%) for all participants, which we regarded acceptable. The T1-image was coregistered to the mean functional image. The data was then normalized to Montreal Neurological Institute (MNI) space. Finally, images were smoothed using an 8 mm Full Width Half Maximum Gaussian kernel.
Hemodynamic changes related to the set-shifting task were calculated using a General Linear Model. For the first-level models, standard, non-target, and target trials were defined as regressors separately for shift and maintain epochs. Onsets were defined as the onset of the stimulus and durations were set to the response time for each individual trial. In addition, instruction periods and the first and last epoch were defined as separate regressors of no interest. Furthermore, motion parameters and their first temporal derivatives were added to the model as nuisance regressors. A high pass filter of twice the fundamental frequency (i.e., the longest period between two subsequent trials of the same condition), calculated per individual, was applied. For all participants, first-level contrasts for behavioral shift (target > non-target), cognitive set-shift (target shift > target maintain), and salience decoupling (non-target shift > non-target maintain) were defined and were taken to second level.
On second level, all contrasts were separately entered into one-sample t-tests to assess the main effects of task over all participants. Subsequently, a linear regression analysis was performed with AES scores as the independent variable, to assess the association between the level of apathy and neural activation. Significance was set to P < 0.05 family wise error (FWE) cluster-level corrected, with an initial threshold of P 5 0.001, uncorrected. To be more sensitive to apathy-related brain activation differences, the multiple comparisons correction was small-volume corrected for a predefined mask of our regionsof-interest. This mask consisted of apathy-related brain areas that were relevant for the current task (i.e., a conjunction between an apathy mask and the current task activation). For the apathy mask, a map was used including brain areas related to apathy in various disorders [Kos et al., 2016] . This map was multiplied with the binarized map of the combined taskrelated activation for all contrasts (Supporting Information Fig.  S2 ). The final mask consisted of Automated Anatomical Labeling areas that contained the overlapping areas (Supporting Information Fig. S3 and Supporting Information ROI mask). Furthermore, all analyses were repeated for the whole brain to account for possible effects outside the ROI-mask (also P < 0.05 FWE cluster-level corrected with an initial threshold of P 5 0.001).
Apathy is thought to be closely related to depression and positive schizotypy. Indeed, there were high correlations between the AES and the BDI depression and SPQ positive scale in our sample (Table I) . Because of these considerable correlations between AES and the BDI depression and SPQ positive subscales, any clusters of apathy-related activation were explored in more depth. Specifically, it was assessed whether the variance in these clusters was uniquely explained by AES-scores, or whether any variance explained by the AES was also explained by the BDI depression or the SPQ positive score. For this purpose, the first eigenvariates of the activation in the apathyrelated clusters were extracted. These were entered into a stepwise linear regression analysis in which BDI depression, SPQ positive, and AES were entered step-wise as independent variables, whereby the AES was entered last. To emphasize the exploratory nature of this analysis and to avoid the suggestion of circular analysis, only explained variances were reported. We did not test whether the betavalues were significantly different from zero, because this analysis was merely an exploration of the relationship between AES scores and brain activation that was found in the main analysis.
RESULTS
Demographics
Six participants were excluded because of insufficient task performance (accuracy of < 50% in one of the conditions). Demographic and clinical variables of the remaining 34 participants can be found in Table I . Notably, whereas AES scores were found at the lower end of the clinical range [Kant et al., 1998 ], PANAS, SCL-90, TEPS, and SHAPS scores were within the normal ranges. AES scores correlated positively with scores on the LARS action initiation scale, the BDI depression factor, all subscales and total score of the SPQ, the PANAS positive subscale, the SCL-90, the TEPS, and the SHAPS. No relationships r Klaasen et al. r r 2726 r were found between AES scores and age, gender, or years of education. All participants reported occasional use of alcohol, except for one participant who reported no use of alcohol. Five participants reported occasional drug use. However, neither alcohol use nor drug use was excessive or could be classified as substance abuse in any of the participants. Moreover, alcohol use during the 24 h before scanning was minimal and not related to AES scores and only one participant used marijuana in the 24 h before the scan.
Behavioral Results
Regarding both accuracy and reaction times, Mauchley's test of sphericity revealed that the assumption of sphericity was not met (v 2 (14) 5 176.78, P < 0.001 and v 2 (14) 5 141.81, P < 0.001, resp.). Therefore, the Greenhouse-Geisser correction was applied (e 5 0.56. and e 5 0.48, resp.). For both accuracy and reaction times, there was neither main effect of AES score (F(1, 32) 5 1.31, P 5 0.26 and F(1, 32) 5 0.38, P 5 0.54, resp.) nor an interaction effect of condition and AES score (F(2.81, 89.95) 5 0.18, P 5 0.90 and F(2.15, 68.77) 5 0.09, P 5 0.93, resp.). Because there was no main or interaction effect of apathy, the analysis was repeated without the AES score as covariate. These results showed an effect of condition on both accuracy (F(2.81, 92.71) 5 69.09, P < 0.001) and reaction times (F(2.16, 71.16) 5 56.97, P < 0.001). Subsequent post hoc pairwise comparisons revealed that accuracy in target trials was lower than in standard and non-target trials. Accuracy in non-target shift trials was lower than in non-target maintain trials. Reaction times were faster during standard trials than during the other conditions. During the non-target conditions, reaction times were faster during maintain trials compared to shift trials (Supporting Information Fig. S4 ).
fMRI Results
Main effects of task
Behavioral shifting was associated with activation in the postcentral/precentral gyrus, extending to the supplementary motor area (SMA), inferior parietal lobule, and supramarginal gyrus and furthermore in the ACC, extending to the orbital medial and medial superior frontal gyrus. Cognitive set-shifting elicited activation in the rolandic operculum and the calcarine sulcus, extending to the lingual gyrus. Salience decoupling was associated with activation in the ACC and middle cingulate cortex, extending to the medial superior frontal gyrus and SMA, and in the inferior parietal lobule, extending to the angular gyrus and the supramarginal gyrus (Supporting Information  Table S1 and Fig. 2A ).
Relationship with apathy
During cognitive set-shifting, higher apathy scores were associated with reduced activation in the (medial) superior frontal gyrus (mSFG), extending to the middle frontal gyrus (Table II) . A comparable cluster, but more extended to the middle frontal gyrus, was found in the whole brain analysis. Furthermore, the whole brain analysis supplemented the findings with an activation cluster in the cerebellum (Crus II, extending to Crus I) in which activation was reduced in relation to higher apathy scores (Table II , Fig. 2B ). Further exploration of the first eigenvariates of these clusters showed that a substantial part of their variance was uniquely explained by AES-scores (27.6% for the mSFG and 15.9% for the cerebellum), over and above the variance that was explained by BDI-depression and SPQpositive scores (19.2% for the mSFG and 12.7% for the cerebellum). There were no significant associations For display purposes, the data were resliced to a voxel size of 0.4 mm. All clusters are reported at P 5 0.05, FWE cluster corrected (initial threshold: P 5 0.001).
r Klaasen et al. r r 2728 r between apathy and brain activation for the other contrasts (i.e., behavioral shifting and salience decoupling), both small volume corrected and whole-brain. The fact that activation in the mSFG and cerebellum was not found in the main task effect of cognitive setshifting could be due to an attenuation of the overall signal in these areas caused by the participants with high levels of apathy. To confirm this and to exclude the possibility that activation in these areas is not directly related to cognitive set-shifting, task effects were also assessed separately for participants with the lowest scores on the AES, based on a median split of the AES scores (Supporting Information Table S2 and Supporting Information Fig. S5 ). This median split on AES scores was chosen over including the participants with the lowest AS scores obtained during initial screening, because the AES was administered at moment of scanning and therefore more closely reflects the level of apathy at moment of the measured brain activation. The follow-up analysis confirmed the involvement of the medial superior frontal gyrus and cerebellum Crus I/II in cognitive set-shifting.
During the course of the current analysis, the study by Eklund et al. [2016] has shown that in some cases, the use of cluster inference may lead to inflated error rates. Furthermore, they showed that using non-parametric models to analyze fMRI data may prevent error rate inflation. Even though excessive inflation of error rates was not expected given the current design (using a cluster-forming threshold of P 5 0.001, uncorrected, combined with a jittered event-related design), this recent development was taken into account. Specifically, to assess the robustness of the current results, all analyses were repeated using a nonparametric analysis (see Supporting Information). Using the non-parametric approach, all task activation clusters remained significant at FWE < 0.05, cluster corrected, with a cluster-forming threshold of P 5 0.001, uncorrected (see Supporting Information Table S3 for the results). Regarding the regression analysis, the association between AES scores and the cluster in the (medial) superior frontal gyrus remained significant, while the relationship with the cluster in the cerebellum was now at trend-level (P 5 0.053; Supporting Information Table S4 ).
DISCUSSION
In the current study, we investigated cognitive flexibility in relation to apathy using a set-shifting task. Notably, higher levels of apathy were related to less activation during cognitive set-shifting in the medial superior frontal gyrus (mSFG) and, to a somewhat lesser extent, the cerebellum (Crus I/II). There was no relationship between apathy severity and brain activation during behavioral shifts and salience decoupling.
Medial Superior Frontal Gyrus
To our knowledge, the current finding of reduced activation in the mSFG during cognitive set-shifting in relation to apathy is novel. This finding is in line with findings on the function of the mSFG, and a relationship between the mSFG and apathy has previously been found in clinical samples using other paradigms. Cognitive functions like working memory, planning, rule-finding, and set-shifting are imperative for carrying out goal-directed actions and impairments in one or multiple of these domains may lead to higher levels of apathy [Levy and Dubois, 2006] . Even though lateral prefrontal areas are often thought to be involved in these functions, the mSFG, through interactions with these lateral prefrontal areas, has been implicated in various cognitive control processes as well [Coutlee and Huettel, 2012; Taren et al., 2011] . These not only [Horga et al., 2011] but also control over and preference for response strategies [Venkatraman et al., 2009a [Venkatraman et al., , 2009b , which are all important for cognitive set-shifting. In addition, the involvement of the mSFG in the occurrence of apathy is in line with previous findings on the neural correlates of apathy in clinical samples. A recent review by Kos et al. [2016] concluded that numerous studies have provided evidence of associations between apathy and alterations in prefrontal areas, among which the mSFG, in patients with neurodegenerative diseases. Moreover, it has been found that in patients with schizophrenia, atrophy in the mSFG is related to reduced cognitive flexibility as measured with the WCST [Bonilha et al., 2008] . In addition to focal abnormalities in the mSFG, Alexopoulos et al. [2013] have shown that in patients with late-life depression, apathy is related to increased connectivity between the mSFG and the nucleus accumbens. Therefore, the current finding of a relationship between apathy and medial superior frontal activation during cognitive set-shifting may support the idea of disturbances in cognitive control in people with apathy.
Cerebellum (Crus I/II)
Besides lower prefrontal activation, reduced activation in Crus I/II of the cerebellum was found in relation to apathy during cognitive set-shifting. When the analyses were repeated using a non-parametric analysis, this effect was reduced to trend-level. Whereas the cerebellum is classically thought to be involved in motion control, it has become apparent that cerebellar activation is also involved in executive functions [Koziol et al., 2014] , in particular cerebellar Crus I/II Niendam et al., 2012; Stoodley, 2012] . Moreover, a study by Stoodley et al. [2012] has shown that Crus I and II are involved in cognitive rather than motor tasks. Crus I and II have been found to be a part of the executive control network during rest [Habas et al., 2009] and stronger connectivity between Crus I and II within a frontoparietal resting state network has been found to predict better executive functioning in healthy people [Reineberg et al., 2015] . Studies in nonhuman primates have shown Crus I and II projections from and to the DLPFC, a key region for cognitive control [Buckner, 2013] . Moreover, novelty seeking, a personality trait that is thought to be reduced in people with apathy [Marin et al., 1991; Sockeel et al., 2006] has been related to larger cerebellar white matter and cortical volume, as well as to microstructural grey matter changes in the left Crus I of the cerebellum in healthy adults [Laricchiuta et al., 2014; Picerni et al., 2013] . In addition, cerebellar Crus I and II dysfunction has been found in patients with Parkinson's disease and apathy [Robert et al., 2012; Skidmore et al., 2013] . Furthermore, impairments in flexibility on attentional performance tasks and goal-directed daily-life tasks have been found in patients with vascular cerebellar lesions [Manes et al., 2009] . Together these results support a disturbance of the cerebellum Crus I and II during cognitive control as an underlying substrate for apathy. However, some caution is warranted, as this was only partially replicated using the non-parametric approach.
Specificity of Cognitive Set-Shifting
Although we hypothesized that shifts in cognitive set as well as in behavior and in salience decoupling were associated with apathy, reduced neural activation was only found during cognitive set-shifting. This could be related to the specificity of the underlying process. Shafritz et al. [2005] stated that a behavioral shift reflects either the alteration of ongoing behavior or the implementation of the appropriate response, while a cognitive set-shift reflects implementation of a new cognitive set. The current findings may therefore imply that apathy in a healthy sample is related to flexibly implementing a cognitive set rather than shifting behavior. Furthermore, based on our results we suggest that only brain activation during relatively more cognitively demanding tasks is related to apathy, whereas relatively less demanding processes like behavioral shifting and salience decoupling are unaffected. That we only found an effect of apathy during cognitive set-shifting and not lower-level processes might also be related to the high levels of education and relatively high functioning of the participants. Lower-level cognitive control processes like salience decoupling and behavioral shifting may be disrupted in apathy in lower educated or lower functioning populations. However, further investigation, using different paradigms and patient samples is warranted to explore these possibilities.
Strengths and Limitations
The apathy-related reduction in prefrontal and cerebellar brain activation during cognitive set-shifting supports the importance of cognitive flexibility as a substrate of reduced goal-directed behavior or apathy. Because the sample in the current study was psychiatrically and neurologically healthy and did not take any psychoactive medication, this effect seems independent of disease or medication status and may therefore be a more general apathy-related disturbance.
Several limitations of the current study should be taken into consideration. First, the high correlations between apathy and other psychopathology measures may give rise to the question whether the found disturbances are in fact apathy-related or a more general effect of subclinical psychopathology. However, the follow-up analysis showed that a considerable amount of variance was uniquely explained by apathy severity. This emphasizes the unique contribution of apathy levels to these findings. Second, there was no effect of apathy on behavioral measures during the task. However, this could be due to a lack of sensitivity of the behavioral measures that were used, especially given the r Klaasen et al. r r 2730 r subtlety of the effect of apathy in a high-functioning healthy sample. Because the current task was specifically designed for use in an fMRI paradigm, it was not optimized for the detection of subtle behavioral alterations.
Future Research
Despite some subclinical symptoms, all participants in the current study were free of any lifetime neurological or psychiatric diagnoses and were all students in higher education. This could have resulted in an extraordinarily high functioning sample and therefore may reduce generalizability to the general population. Replication of these results in more general, neurological, and psychiatric samples could build on these results toward a more general cognitive and neural substrate of apathy. Moreover, investigating the substrate of apathy in different healthy and patient samples could reveal similarities and dissimilarities between different groups, and increase the understanding of apathy.
Moreover, Levy and Dubois [2006] have proposed impairments in several cognitive, emotional/affective and autoactivation mechanisms as possible substrates for apathy. The current study provides insight in the neural correlates of apathy during one particular cognitive control process. Several recent studies have investigated possible neural substrates of apathy during planning [Liemburg et al., 2015] and reward and effort processing [Bonnelle et al., 2015; Kirschner et al., 2015; Simon et al., 2015] . Future studies may add to this by focusing on the neural correlates of apathy using different paradigms. Clearly, further research into the full range of possible cognitive and neural substrates of apathy, in both healthy and in patient samples, will promote the understanding of apathy.
CONCLUSION
To conclude, apathy in healthy people was related to activation of the medial superior frontal gyrus and, somewhat less consistently, the cerebellum (Crus I/II) during cognitive set-shifting. However, apathy was not related to brain activation during behavioral shifting or salience decoupling. These results support the involvement of the neural substrates of cognitive control, especially cognitive set-shifting, in apathy.
